[1] SPECTRA (Surface Processes and Ecosystem Changes Through Response Analysis) is one of the core candidate missions which is being proposed for implementation in the European Space Agency (ESA) Earth Explorer program of research oriented missions. The scientific objective of the SPECTRA mission is to describe, understand, and model the role of terrestrial vegetation in the global carbon cycle and its response to climate variability under the increasing pressure of human activity. The SPECTRA satellite will embark an optical hyperspectral payload covering the solar spectral range (0.4 to 2.4 mm) and thermal infrared region (10.3 to 12.3 mm). This paper is focused on the land surface temperature retrieval from SPECTRA thermal infrared data. In the first part of the paper, generalized single-channel and split-window methods are discussed and compared, showing that single-channel methods provide similar or better results than split-window methods for low atmospheric water vapor content, whereas split-window methods always provide better results for high atmospheric water vapor content. In the second part of the paper, split-window and dual-angle algorithms have been developed for SPECTRA thermal channels. A sensitivity analysis of the algorithms has been also carried out, revealing total errors for split-window algorithms of around 1.5 K. For dual-angle algorithms, total errors less than 1 K are obtained when the combination nadir-60°is considered. Finally, a dual-angle algorithm for sea surface temperature retrieval has been developed for different view angles. The study of the variation of the total error with observation angle allows estimation of the best nadir-forward combination. Hence an optimal forward view of 52°referred to the observer zenithal angle (or 45°for satellite view angle) has been obtained, leading to an error of 0.4 K when the sensor noise error is 0.1 K and 0.3 K when the sensor noise error is 0.05 K.
Introduction
[2] The SPECTRA (Surface Processes and Ecosystem Changes Through Response Analysis) mission is conceived as a single satellite that will carry a space-borne imaging spectrometer. This instrument will be able to view targets on the Earth from different angles in order to analyze directional reflectance and emission of thermal radiance by soil and vegetation. SPECTRA will focus on systematically obtaining data over an ensemble of regions that are representative of all the major terrestrial biomes, such as boreal forest, deciduous woodland, tropical forest and savannah. The data acquired by SPECTRA will help derive measurements of important plant properties, such as chlorophyll and water content, temperature and leaf area. This information can then be used in larger-scale models for accurate assessment of the current and future role that terrestrial vegetation plays in the global carbon cycle. The SPECTRA mission will provide detailed observations of the amount and condition of vegetation over an ensemble of regions distributed globally. These observations are needed to derive the biome-specific parameterizations of biosphere processes needed by Dynamic Global Vegetation Models (DGVMs). These parameterizations, together with a suitable biome distribution, will enable the derivation of global estimates of carbon fluxes, using existing and future sensors offering a lower spatial resolution, but frequent global coverage [Harris and Battrick, 2001] .
[3] One of the most innovative capabilities of this mission will be the acquisition of directional high resolution (pixel size around 50 m) thermal infrared data from two thermal channels located in the spectral range 10 to 13 mm. This feature is particularly important because it provides a unique opportunity to distinguish between the temperatures JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 110, D16103, doi:10.1029 /2004JD005588, 2005 Copyright 2005 by the American Geophysical Union. 0148-0227/05/2004JD005588$09.00 of the background soil and of the overlying plant canopy [see, e.g., Menenti et al., 2001] .
Methods for LST Retrieval
[4] Different methods and algorithms have been published in order to retrieve land surface temperature (LST) from thermal infrared remote sensing data. A full revision of methods is given by Sobrino et al. [2002] and Dash et al. [2002] , among others. In this paper the study will be focused on three well-known methods that use one or two thermal channels: single-channel [e.g., Qin et al., 2001; Jiménez-Muñoz and Sobrino, 2003 ], split-window [e.g., Price, 1984; Becker and Li, 1990a; Sobrino et al., 1991; Prata, 1993; Sobrino et al., 1994] and dual-angle [e.g., Prata, 1994; Sobrino et al., 1996 Sobrino et al., , 2004 . In the literature can be also found methods using three or more thermal channels or algorithms based on different techniques [see, e.g., Becker and Li, 1990b; Wan and Li, 1997; Sun and Pinker, 2003 ], but they will not be considered in this paper.
Radiative Transfer Equation
[5] Different algorithms have been developed in the last years in order to retrieve LST from thermal infrared data. Most of them are based on the radiative transfer equation, from which the at-sensor radiance is given by
where the subindex i refers to one thermal channel, e i is the channel surface emissivity, B i is the radiance emitted by a blackbody, T s is the surface temperature or LST, T i is the atsensor brightness temperature, L i atm# is the down-welling irradiance, t i is the total transmission of the atmosphere (transmissivity) and L i atm" is the up-welling atmospheric radiance. These magnitudes also depend on the observation angle, except for T s and L i atm# . When equation (1) is applied only to one thermal channel, single-channel algorithms are obtained, and when equation (1) is applied to two thermal channels located in the spectral range from 10 to 12 mm, split-window algorithms are obtained. It is also possible to apply equation (1) to one thermal channel with two different view angles, obtaining in this way the dual-angle algorithms.
Single-Channel Methods
[6] On the basis of the radiative transfer equation (equation (1)), it is possible to obtain different single-channel algorithms. In this paper, three single-channel algorithms will be presented and analyzed. The first of them, referred to as RTE (Radiative Transfer Equation) algorithm, can be obtained directly from equation (1) and considering a linear relationship between Planck's law and temperature. In this way, LST is given by [Sobrino, 2000] 
where T a is the mean atmospheric temperature, t i 53°i s the atmospheric transmissivity for an observation angle of 53°a nd L i is a parameter given by
[7] The second algorithm presented in the paper has been developed by Qin et al. [2001] specifically for Landsat-5 (Thematic Mapper channel 6, TM6) data, and it will be called QK&B algorithm. The authors propose the following expression for retrieving LST:
where C 6 = e 6 t 6 , D 6 = (1 À t 6 )[1 + (1 À e 6 )t 6 ], a 6 = À67.355351 and b 6 = 0.458606. The quantity T 6 refers to the at-sensor brightness temperature obtained from TM6 data.
[8] The last single-channel algorithm shown in this paper has been developed by Jiménez-Muñoz and , referred in the paper as JM&S algorithm, in which the LST is given by
where ψ 1 , ψ 2 and ψ 3 are called ''atmospheric functions'' and defined by
and g and d are two parameters given by
where l i refers to the effective wavelength for the channel considered.
[9] The single-channel algorithms given by equations (2), (4) and (5) have been tested using simulated TM6 data (channel effective wavelength % 11.46 mm) extracted from 1704 radiosoundings and the MODTRAN radiative code [Abreu and Anderson, 1996] . The atmospheric profiles used in all the studies shown in this paper have been extracted from the TIGR (TOVS Initial Guess Retrieval) database [Scott and Chedin, 1981] . A maximum total amount of 34 atmospheric levels have been selected, because this is the limitation of the MODTRAN code. Land surface temperature has been assumed equal to the temperature of the first level of the radiosounding. Figure 1 shows the difference between the LST extracted from the radiosoundings and the LST retrieved with the algorithm as a function of the atmospheric water vapor content (g/cm 2 ) for an emissivity value of 0.98. The QK&B algorithm provides more or less a constant difference value, near to 0 K. The RTE and JM&S algorithms provide an increasing tendency for the difference values with the water vapor. The RTE algorithm overestimates the LST, whereas the JM&S algorithm underestimates it. Table 1 shows the values of mean difference (bias), standard deviation (s) and root mean square error (RMSE) obtained for each algorithm. According to the results obtained, the RTE, QK&B and JM&S algorithms provide errors on LST of 0.4 K, 0.15 K and 0.6 K, respectively.
[10] Despite the fact that these algorithms provide very good theoretical results they are not operative, because they depend on radiosounding data (through the atmospheric parameters t i , L i atm" and L i atm# ) acquired at the same time of sensor overpass, which is not generally possible. In the last years, this has been the main constraint of the single-channel methods for retrieving LST from thermal infrared remote sensing data (assuming that emissivity is known). Despite the fact that nowadays atmospheric profiles are available from different sources and not only from radiosoundings, the explicit dependence of single-channel algorithm on atmospheric parameters still remains a constraint. However, in order to avoid this constraint, empirical relationships between the atmospheric parameters and other magnitudes not dependent on radiosounding data (as for example water vapor or air temperature) can be found. Hence Qin et al. [2001] propose linear relationships between the atmospheric transmissivity (t i ) and the water vapor (w), and between mean atmospheric temperature (T a ) and near-surface air temperature (T 0 ), i.e.,
where the coefficients a and b depend on the water vapor values range and air temperature, and the coefficients c and d depend on the standard atmosphere considered. In this way, the QK&B algorithm only depends on water vapor and air temperature values (apart from at-sensor and emissivity values).
[11] Jiménez-Muñoz and propose the following relationships between the atmospheric functions (equation (6)) and the atmospheric water vapor content for TM6 data, 
In this way, the JM&S algorithm depends only on w values.
[12] When the approximations given by equations (8a) and (8b) are included in the QK&B algorithm and the ones given by equations (9a) to (9c) are included in the JM&S algorithm, the results shown in Figure 2 for the difference between LST obtained from radiosounding data and the LST retrieved with the algorithms are obtained. In this Figure 1 . Difference between the land surface temperature extracted from radiosoundings data (LST rad ) and the retrieved with single-channel algorithms (LST alg ) by means of a simulation procedure versus the atmospheric water vapor content. An emissivity value of 0.98 has been assumed. Figure 1 ; s is standard deviation.
figure, a maximum w value of 3 g/cm 2 has been considered, because Qin et al. [2001] do not give the coefficients involved in equation (8a) ), in which the JM&S algorithm underestimates the LST. However, for very low w values the atmospheric correction is negligible, so LST algorithms are not needed, overall for surfaces with high emissivity values. When the empirical relationships are included in the algorithms, higher differences are obtained. In this case, RMSE values of 0.8 K and 1.1 K are obtained for the QK&B and JM&S algorithms, respectively.
[13] A comparison between the three single-channel algorithms proposed in the paper allow us to draw the following conclusions:
[14] 1. The RTE algorithm provides good theoretical results, but it could be rejected by its lack of applicability due to the dependence on radiosounding data.
[15] 2. The QK&B and JM&S algorithms avoid the dependence on radiosounding data by means of empirical relationships and provide similar results, but the QK&B depends on two magnitudes (w, T 0 ) and the JM&S depends only on one parameter (w). This is the main advantage of the JM&S algorithm in comparison with other singlechannel methods. Moreover, this algorithm can be applied to any thermal channel with a FWHM (full-width halfmaximum) near to 1 mm as is explained by Jiménez-Muñoz and Sobrino [2003] .
Two-Channel (Split-Window) Method
[16] A similar procedure as in the generalized singlechannel method [Jiménez-Muñoz and Sobrino, 2003] allows us to obtain generalized two-channel (or split-window) algorithms for different wavelength combinations. The following mathematical structure of the algorithms has been considered [Sobrino and Raissouni, 2000] :
where i, j are the sensor channels, T i and T j are the at-sensor brightness temperatures (in K), w is the atmospheric water vapor content (in g/cm 2 ), e is the mean emissivity, (e i + e j )/2, and De is the emissivity difference, e i À e j . The split-window coefficients, from a 0 to a 6 , are obtained by means of a simulation, using the MODTRAN code, 54 standard atmospheric profiles and 51 emissivity spectra covering a variety of natural surfaces extracted from the ASTER (Advanced Spaceborne Thermal Emission and Reflection radiometer) spectral library (http://speclib.jpl.nasa.gov), leading to a total amount of 2754 values. With regard to the wavelength combinations, the simulations have been carried out for sensor channels centered from 8 mm to 13 mm, in steps of 0.1 mm, which leads to 1275 different combinations. The standard deviation of the LST associated with the twochannel algorithm has been calculated for each wavelength combination. In this way, the best wavelength combinations can be predicted. Table 2 shows the best channel combinations, with standard deviations lower than 0.5 K. All these combinations are centered at around 11 mm and 12 mm, which corresponds to typical split-window algorithms.
[17] The generalized algorithms have been obtained using ideal filters with a FWHM of 1 mm [Jiménez-Muñoz and Sobrino, 2003] . In order to analyze the effect of the FWHM on the LST retrieved with split-window algorithms, a simulation for channels centered at 11 mm and 12 mm have been carried out using filters with different FWHM: 0.5 mm, Figure 2 . Difference between the land surface temperature extracted from radiosoundings data (LST rad ) and that retrieved with single-channel algorithms (LST alg ) utilizing the empirical relationships discussed in the paper versus the atmospheric water vapor content. An emissivity value of 0.98 has been assumed.
1.0 mm, 1.5 mm and 2.0 mm. Figure 3 shows the results obtained. The standard deviation remains more or less constant for FWHM of 0.5 mm and 1.0 mm, but increases for FWHM of 1.5 mm and 2.0 mm, so a typical value of 1 mm seems to be appropriate for retrieving LST with split-window algorithms.
Split-Window Versus Single-Channel Method
[18] In the previous sections generalized single-channel and two-channel algorithms have been discussed. Both of them assume that land surface emissivity is known and need the atmospheric water vapor content in order to retrieve the LST, so one may wonder what is the difference between them. Figure 4 answers this question. In this figure the difference between the LST extracted from a total amount of 1704 radiosoundings and the LST retrieved with the generalized single-channel algorithm (equation (5)) and the splitwindow algorithm (equation (10)) versus the atmospheric water vapor content is represented for simulated data with a fixed value of 0.98 for the land surface emissivity. The splitwindow algorithm gives more or less a constant difference in all the cases, whereas the single-channel algorithm increases the difference when increases the atmospheric water vapor content. So for low atmospheric water vapor content, the single-channel method provides similar or better results than split-window algorithms, but for high water vapor the split-window always provides better results. This is the main advantage of the split-window algorithms compared with single-channel ones.
Algorithms for Spectra Thermal Channels
[19] In section 2 generalized algorithms have been presented; that is, they have not been customized for any thermal sensor actually onboard a satellite (although they can be applied to them). In this section, algorithms customized for the SPECTRA thermal infrared channel will be presented. According to the technical specifications [Harris and Battrick, 2001; Baillion and Labandibar, 2003], the SPECTRA mission will possess two thermal channels located at 10.3 -10.8 mm and 11.8-12.3 mm with seven different observer zenithal angles (OZA), 0°, ±30°, ±45°and ±60°. As the filter functions are not yet designed, two ideal filter (composed by a mixed contribution of a Gaussian and a triangular function) with a FWHM of 0.5 mm and centered at 10.55 mm and 12.05 mm have been considered (see Figure 5 ). Hereinafter they will be called as TIR-1 and TIR-2. These two channels will be used in order to obtain split-window and also dual-angle algorithms.
Split-Window Method
[20] A simulation procedure has been carried out in order to obtain the split-window coefficients according to equation (10). For this purpose, the MODTRAN 3.5 code has been used together with 54 different atmospheric Figure 4 . Difference between the land surface temperature extracted from radiosoundings data (LST rad ) and that retrieved with single-channel algorithms (LST alg ) by means of a simulation procedure versus the atmospheric water vapor content. An emissivity value of 0.98 has been considered. profiles and 299 emissivity spectra (rocks, soils, vegetation and water) extracted from the ASTER spectral library, which leads to a total amount of 16146 values. Splitwindow algorithms have been developed for each OZA (0°, 30°, 45°and 60°) and also including all the OZA (in this case, a total amount of 64584 values has been considered, i.e., 54 atmospheric profiles, 299 emissivity spectra and 4 view angles). The algorithms will be called (TIR1-TIR2) 0°, (TIR1-TIR2) 30°, (TIR1-TIR2) 45°, (TIR1-TIR2) 60°a nd (TIR1-TIR2) all . Table 3 shows the coefficients obtained for each view angle, and also the standard deviation of the LST obtained from the statistical fit. It should be noted that the standard deviation increases with the view angle, and also when all the view angles are considered. Taking advantage of the coefficient values for different view angles, it is possible to find relationships between them. Hence the following expressions have been found: 
where m cosq, q is the OZA and R the correlation coefficient. In this way, an unique split-window algorithm depending also on the observation angle can be obtained.
[21] The standard deviation of the LST associated with the algorithm gives a first idea of the algorithm accuracy, but does not represent the total error. In order to obtain the total error a sensitivity analysis has been carried out. On the basis of the error theory, the following equation has been considered:
where d simulation is the standard deviation associated with the algorithm and d noise , d emissivity and d vapor are the contribution to the total error due to the uncertainties for at-sensor temperatures (NEDT), land surface emissivity and atmospheric water vapor, respectively, and they are given by
[22] Assuming typical values for the different errors, e(T i ) = e(T j ) = 0.1 K, e(e i ) = e(e j ) = 0.01 and e(w) = 0.5 g/cm 2 , and taking into account the different situations used in the simulation procedure, the results shown in Table 4 are obtained. According to these results, the total error on LST changes between 1.4 K to 1.6 K, the uncertainty on emissivity being the main contribution to the total error, of around 1 K.
Dual-Angle Method
[23] The similar mathematical structure used for splitwindow algorithms (see equation (10)) has been considered for dual-angle algorithms,
[24] In this case, the subscripts i and j have been replaced by n and f, referring to ''nadir'' view and ''forward'' view. The critical issue in the dual-angle simulation is the angular emissivity dependence, so at-nadir values should not be considered. For vegetation samples a constant emissivity has been considered, i.e., with no angular dependence, and for water the angular dependence is well-known. Rock samples have not been considered, because the emissivity angular variation is unknown. For soils, different angular values have been published [Labed and Stoll, 1991; Rees and James, 1992; Sobrino and Cuenca, 1999] , although the measurements do not cover the different types of soils included in the ASTER spectral library. In order to solve this problem, different situations have been considered varying the difference between forward and nadir view from 0.01 to 0.05 in steps of 0.01. The forward view of 30°has not been considered, because in this situation the angular variation on emissivity is negligible. Taking into account these explanations, a similar simulation as in the split-window case has been carried out in order to obtain the coefficients, the standard deviation of the LST and the total error. The results obtained are shown in Table 5 . Hence, for TIR-1 combinations, the error obtained changes from 1.6 to 1.9 K for nadir-45°and less than 1 K for nadir-60°. Combinations for channel TIR-2 provide slightly worse results. Taking into account the emissivity difference for soils between nadir and forward, the best results are obtained when a difference of 0.02 for nadir-45°and 0.03 for nadir-60°is considered. An example of the results obtained with dual-angle algorithms applied to sensors actually on board satellites, as ATSR2 (Along Tracking Scanning Radiometer 2), is given by Sobrino et al. [2004] .
[25] Finally, in order to avoid the problems related with the emissivity angular dependence, a dual-angle algorithm specifically for retrieving sea surface temperature (SST) has been developed. In this case the emissivity is known, so the mathematical structure considered is the following:
A simulation has been carried out for channel TIR1 and 5 different OZA, from 15°to 75°in steps of 15°. The results obtained for the standard deviation and the total error are given in Table 6 , in which a noise error of 0.1 K and 0.05 K has been considered. When the total error, e(T s ), is graphed versus the OZA, q, a parabola is obtained (see Figure 6 ),
In order to obtain the best forward view, equation (16) can be minimized and then the OZA for which the total error is minimum, q min , can be calculated,
According to the result obtained, the best forward view is 52°OZA, which corresponds to a satellite view angle of around 45°. In this case a total error of 0.4 K is obtained when the noise error is 0.1 K. If a noise error of 0.05 K is considered, then the total error is 0.3 K. It should be noted that this last result constitutes the accuracy requirement needed in climatic studies [Barton, 1992] . [26] In order to compare split-window and dual-angle techniques, Tables 4 and 5 have been considered. According to the results shown in these tables, it is possible to obtain better results with dual-angle algorithms. This fact can be explained by taking into account that the main error source in radiative transfer codes is the spectral parameterization of the atmospheric absorption due to the water vapor continuum. Hence, when a simulation procedure is carried out in order to obtain a split-window algorithm, the values involved are affected by a double error, one for each channel (different wavelength values), whereas in order to obtain a dual-angle algorithm the simulations are carried out only for one thermal channel, i.e., for one wavelength. However, despite providing better results, dual-angle algorithms have two practical difficulties when applying them to remotely sensed data: The first of them is related to the previously mentioned problem of the emissivity angular dependence, and the second, which may be the most problematic, is related to the different pixel size for the nadir and forward views. The errors for LST retrieved with dual-angle algorithms due to this last difficulty could be negligible for homogeneous sites (as for example sea), but not for heterogeneous ones.
Split-Window Versus Dual-Angle Method

Conclusions
[27] Land surface temperature can be retrieved from remote sensing data applying different techniques, as for example single-channel, split-window and dual-angle algorithms. In the first part of the paper a general discussion in terms of wavelengths, not referred to explicit sensor channels, is given. Hence, for single-channel algorithms, the best wavelength in order to retrieve the LST depends on the atmospheric water vapor and varies from 11 mm to 10.5 mm when the water vapor varies from 1 g/cm 2 to 4 g/cm 2 . With regard to the split-window technique, the best simulated results have been obtained for wavelength combinations near to 11 mm and 12 mm. The effect of the FWHM has also been analyzed, showing that values higher than 1.0 mm lead to a significant increase in the error on LST. A comparison between the single-channel and split-window methods, allows extraction of the following conclusion: at least two thermal channel are required in order to retrieve LST with enough accuracy on a global scale, because single-channel method provide poor results for high atmospheric water vapor contents. This last results is common for all the single-channel methods that use empirical relationships between the water vapor and the atmospheric parameters, so these relationships become unstable for high water vapor values.
[28] In the second part of the paper, split-window and dual-angle algorithms have been developed customized for the proposed SPECTRA thermal channels, centered at 10.55 mm (TIR-1) and 12.05 mm (TIR-2) and capable of acquiring direction thermal data from seven observer zenithal angles (OZA): 0°, ±30°, ±45°and ±60°. The results obtained show that the dual-angle combination nadir-60°p rovides better results (with root mean square errors less than 1 K) than split-window algorithms (with root mean square errors of around 1.5 K). In both cases, the main contribution to the total error of the algorithms is the uncertainty on the land surface emissivity (around 1 K for split-window and 0.8 K for dual-angle). It should be noted that the critical issue in the dual-angle technique is the emissivity angular dependence, because the angular behavior for natural surfaces as soils and rocks is not well known. In order to solve this problem, more angular field measurements will be needed in the future. A dual-angle algorithm for retrieving sea surface temperature and for different forward views has been also developed for channel TIR-1. In this case, an optimal forward view of 52°OZA (45.4°s atellite angle view) has been found. With this forward view a total error of 0.4 K when the noise error of the sensor is 0.1 K can be obtained, whereas when a noise error of 0.05 K is considered, a total error of 0.3 K is achieved, which is the requirement needed in climatic studies as has been highlighted by Barton [1992] . It should be noted that emissivity and water vapor content values are needed in order to retrieve land surface temperature. These magnitudes can be also obtained from satellite data [see, e.g., Sobrino et al., Figure 6 . Total error on theoretical sea surface temperature (SST) retrieved from dual-angle algorithms versus the observer zenithal angle (OZA). 2002, 2003] . Land surface emissivity and water vapor retrieval from SPECTRA data is not discussed in this paper, but is part of the future work of the authors.
[29] According to the results obtained in this paper, the following conclusions can be drawn:
[30] 1. For low atmospheric water vapor contents, singlechannel method provide similar or even better results than split-window and dual-angle algorithms.
[31] 2. Split-window and dual-angle algorithms provide better results than single-channel on a global scale, because empirical relationships between atmospheric parameters and atmospheric water vapor content are unstable for wet atmospheres (high water vapor content).
[32] 3. Dual-angle algorithms provide slightly better results than split-window, but they have two main disadvantages: (1) The emissivity angular dependence is not well-known for all the natural surfaces and (2) there is not a good geo-correlation between the nadir and forward pixels.
[33] 4. Taking into account the three preceding conclusions, for retrieving LST with a good accuracy on a global scale, at least two thermal channels (with different wavelength values) are needed. The availability of different view angles with one thermal channel could be more useful for retrieving soil and vegetation temperatures [François et al., 1997; Menenti et al., 2001; Chehbouni et al., 2001; Jia et al., 2003 ] than for LST retrieval, at least over heterogeneous surfaces.
